Abstract. Ecologists describe plant distribution using direct gradient analysis, by which a tolerance curve of species abundance is described along an environmental gradient (any environmental variable that affects plant distribution). Soil moisture is generally the gradient in low-relief areas that explains the most variation. Traditional direct gradient analyses have used terrain structure (i.e., transects up or down hillslopes) as a correlate to soil moisture. Here we use a numerical tectonic and geomorphic process-based landscape development model to create two landscapes with different geomorphic characteristics:
INTRODUCTION
One of the basic goals of plant ecology is to describe and understand the distribution of plants on the landscape. Tolerance curves (Shelford 1913) are one tool used to describe the local distribution of plants. ' 'Local'' here will refer to the scale of hillslopes and loworder watersheds (this will be defined more carefully later). Tolerance curves are the abundance of a species distributed along one or more orthogonal environmental gradient(s). They are generally symmetrical and unimodal; however, several studies have also found skewed and bimodal distributions, and the shape of these curves has been a subject of some debate (e.g., Austin et al. 1984 , Austin 1987 , Minchin 1989 , Oksanen and Minchin 2002 . Regardless of the discrepancy in the shape of the curve from one study to the next, gradient methods used to derive the curves often come to similar conclusions, that soil moisture, often along with nutrients, is one of the principal axes of variation in abundance (e.g., Curtis and McIntosh 1951 , Whittaker 1956 , Waring and Major 1964 , Bridge and Johnson 2000 , Zinko et al. 2005 , and many others). Temperature/elevation is another primary axis and in mountainous landscapes is often the first axis (Whittaker 1967 , Urban et al. 2000 .
However, the reasons why landscape organization influences plant distribution and abundance via soil moisture are rarely explored in any detail in ecology (for an exception, see Hack and Goodlett [1960] ). Over the last several decades, geomorphological research has resulted in a better understanding of how geomorphic processes act on landscapes to give them their charac- Davis. 4 Corresponding author. E-mail: Johnsone@ucalgary.ca teristic forms (e.g., Dietrich and Montgomery 1998) , while hydrologists have demonstrated the connections between topography and soil moisture (e.g., Beven and Freer 2001 ). An understanding of these earth-surface processes can help explain what makes moisture (and nutrient) gradients so universally important in determining local plant distribution. Traditional direct gradient analysis (Gauch 1982) , uses landscape structure as a correlate to gradients. For example, transects up or down hillslopes may be used to approximate soil moisture gradients in low to moderate relief landscapes, and elevation as a correlate of temperature in mountainous landscapes (e.g., Whittaker 1967) . However, knowledge of the processes that shape landscapes is necessary to understand and explain gradients of plant distribution and abundance on a landscape.
This study uses a numerical model of landscape development that combines tectonics and geomorphology to create landscapes with known processes. The two objectives of this study are (1) to demonstrate the effect different geomorphic processes have on soil moisture patterns and the subsequent implications for plant distribution and (2) to analyze patterns of soil moisture by evaluating the effectiveness of three different direct gradient analysis transect methods (channel to ridgeline, path of steepest ascent from channel to ridgeline, and path of steepest descent from ridgeline to channel) in describing consistent moisture gradients, moisture distribution, and tolerance curves on two landscapes created by different combinations of geomorphic processes.
Numerical models of combined tectonic and geomorphic processes have been used to explore the development of landscapes over a range of spatial and temporal scales (e.g., Harmon and Doe 2001, Pelletier 2008) . Numerical modeling has been an effective tool for such studies because of the complexity of the process operation and the often very large spatial and temporal scales of operation (for examples see Martin and Church 2004) . We will use a landscape development model (Tucker et al. 2001 ) to create two landscapes (dominated respectively by soil creep and erosion by overland flow) in which the geomorphic processes acting upon each landscape are defined and the relative strengths of these processes can be controlled. Although the landscapes were created under different precipitation regimes, we will use them only as a first approximation of the representative topographic forms (e.g., leaving out precipitation and heat budgets). Real-world landscapes are subject to a variety of historical contingencies (Simpson 1963, Martin and Church 2004 ) that lead to the unique properties of particular landscapes, their morphology and other associated properties (bedrock types, soil properties, morphologic irregularity). These historical contingencies provide real-world variation in landscapes that make each landscape unique despite some basic similarities. To eliminate the possibility of historical contingencies affecting the landscapes being analyzed, we use model prototypes created using a numerical model of landscape development in our analysis.
A topographic index is used as an approximation of the relative spatial distribution of soil moisture as controlled by a landscape (Kirkby 1975 , Grayson et al. 1997 ); this index is based on water movement over hillslopes and its contribution to soil moisture at a particular location. Because of the manner in which the index is constructed, locations with similar indexes will have similar topographically determined soil moisture if the index's assumptions are met (Beven 2001 ). This allows comparison of similar dry, mesic, and wet locations on landscapes produced by different geomorphic processes. The gradient of the topographic index can then be related to species abundance (i.e., tolerance curves).
CONCEPTUALIZING BACKGROUND

Gradients and tolerance curves
Generally two approaches are used to construct soil moisture gradients and plant tolerance curves. The first approach determines gradients of soil moisture indirectly by using the similarity in stand/plot species composition and abundance. Multivariate statistical techniques are used to define the axis of principal variation (Gauch 1982) . The gradients, and thus the tolerance curves, are constructed by placing stands/plots with similar species composition close together on the axes, there is not necessarily any relationship of these gradients to specific landscape positions (but see Loucks 1962) . The second approach defines moisture gradients directly based on the assumption that a one-dimensional transect up a hill will, as a first approximation, give a gradient of decreasing moisture, or that the landscape can be organized into regions of high and low soil moisture using topographic features such as valley bottoms and crests of ridges (e.g., Whittaker 1956 , 1967 , Racine 1971 ). This assumption probably followed from the onedimensional idea of tolerance curves (Shelford 1913) . One problem with this approach is the lack of a standardized model. Often the hills used, the arrangement of transects, and the position of transects or categories in the landscape are not well specified with respect to the landscape's geomorphology and hydrology. This approach, as we will show, is often at variance with the three-dimensional manner in which water is known to move on hillslopes.
Landscape organization
Landscapes have characteristics that are universally shared; watersheds consist of peaks (local elevation maxima), streams (local minima), and hillslopes that connect these relative high and low points (Warntz 1975 , Werner 1988 , 1991 , Dawes and Short 1994 . All landscapes can be delineated using contour lines (locations of equal elevation) and flow lines (lines orthogonal to contours). Flow lines indicate the direction of steepest descent and usually connect ridgelines and stream courses.
While these basic elements are similar for all landscapes, the degree of dissection will vary. A highly dissected landscape will have more channelization per unit area than a less dissected landscape. This characteristic is referred to as the drainage density, D d (Horton 1945) :
where L is the length of each channel link in the entire channel network and A is the total area of the basin. For a list of symbols found in equations, see Table 1 . The average length of a hillslope (or length of overland flow), l o (Horton 1945) , is
According to this relationship, a landscape that is more dissected will have shorter hillslopes on average than one that is less dissected. Landscapes develop through possible tectonic activity that causes uplift and geomorphic processes that erode and redistribute sediment across the landscape (e.g., Anderson and Anderson 2010) . When erosive forces overcome the resistive forces imparted by substrate and vegetation (e.g., Istanbulluoglu and Bras 2005) , material is transported downslope. Two hillslope processes that transfer sediment are soil creep and overland flow.
Soil creep is the gradual downhill movement of soil due to gravity (Culling 1963) , aided by events such as freeze-thaw (Davison 1889 ) and wetting and drying cycles (Fleming and Johnson 1975) , bioturbation (Black and Montgomery 1991 , Roering et al. 2002 , Yoo et al. 2005 , and rain splash (Moeyersons 1975) . Vegetation may provide resistance to erosive processes such as creep because roots help to anchor soil and hinder its movement (Thornes 1990 ). Alternatively, vegetation may contribute to erosion through tree throw events (e.g., Thornes 1990 ). Soil creep rates increase linearly as slope increases for low to moderate slopes (Gilbert 1909 , Culling 1960 , Small et al. 1999 ; however, in regions characterized by steep slopes, soil creep may become an increasingly nonlinear process as slope increases (Howard 1994b , Martin and Church 1997 , Roering et al. 1999 ). Soil creep is most likely to be a dominant process in lower-gradient landscapes and produces hillslopes that are convex (Davis 1892 , Gilbert 1909 , Anderson 1994 , due to the nature of the sediment transport processes (which are reflected in the diffusion equation that is often used to represent soil creep in numerical models).
Two types of overland flow that contribute to erosion are infiltration excess overland flow (Hortonian overland flow) (Horton 1933 ) and saturation excess overland flow (Kirkby and Chorley 1967) . Under conditions of poor infiltration, infiltration excess overland flow may occur uniformly over the hillslope and primarily occurs in areas of arid vegetation and low drainage density (Horton 1933) . Saturation excess overland flow is the more common form of overland flow in humid to temperate watersheds with a higher density of vegetation (Kirkby and Chorley 1967) . In these latter watersheds, water moves primarily as subsurface flow, travelling through the porous spaces in soil and rock along paths of steepest descent that are orthogonal to contour lines. The flow of water downslope causes the water table to rise. If the rise of the water table is great enough, it may result in groundwater returning to the surface. Any subsequent precipitation is unable to infiltrate the soil and further contributes to saturation overland flow. Since the water table is closest to the surface at the bases of hillslopes and water moves downhill, saturation overland flow will first occur at the bases of slopes and then progress uphill with increased precipitation. The volume of water flowing over a location per unit time (i.e., the water discharge) may be approximated by multiplying runoff rate and contributing area (Tucker and Bras 1998) . If the water discharge is great enough, it may become an erosive force by overcoming the resisting stresses and result in the formation of miniature channels or rills. Overland flow tends to produce hillslopes that are concave (Howard 1994a , Tucker and Bras 1998 , Dietrich and Perron 2006 .
Linking landscape organization to soil moisture gradients and plant tolerance curves
The topographic index (Kirkby 1975 ) provides a reasonable approximation of the relative distribution of soil moisture at a location in the basin:
where A is contributing area at a given contour width and S is the local slope. See Kirkby (1975) for a derivation of the index from near first principles. This is a very simplified approach as many factors influence soil moisture (e.g., temperature, precipitation); however, in the present study we use the simple topographic index to examine the role of topography as it influences plant distribution and assume that, once the landscapes have formed, all other factors are equal. The advantage of the topographic index is that, as a similarity index, it allows for direct comparison of sites with the same index while considering the role of the three-dimensional shape of the landscape in determining water flow and soil moisture distributions. Other similarity indices approximating saturated soil moisture have also been developed (O'Loughlin 1981 , 1986 , Hjerdt et al. 2004 ), most of which are expanded versions of Kirkby's original derivations (Beven 2001 ). Due to a much larger area of the landscape being composed of hillslopes than channels, the topographic index distributions for watersheds are generally right skewed (Beven 2001) . Hillslopes can be subdivided by curvature (i.e., convergence and divergence), creating nine categories of hillslopes ( Fig. 1 ) that should each show hydrological similarity. Two measures of curvature are considered for this categorization (Suzuki 1977 presented in Tsukamoto and Ohta 1988, Aryal et al. 2002) . The first, planform curvature, is determined by the convergence ratio, which is the ratio of the length of the ridgeline to the length of outlet for a hillslope (according to the definition by Suzuki 1977 presented in Tsukamoto and Ohta 1988, Aryal et al. 2002) . Headslopes should have large convergence ratios because the ridgeline of the hillslope is much longer than the headwater channel toward which the subsurface flow paths of the hillslope drain. Sideslopes can be separated into parallel hillslopes and divergent hillslopes. Parallel hillslopes have convergence ratios that are close to one because the top and the base of the hillslope have nearly equal lengths and flow paths are parallel. Divergent hillslopes have a ratio that is less than one because flow paths diverge and water drains from a smaller area at the ridgeline to a larger area at the channel link. The second measure of curvature is profile curvature, which is the change in slope along a profile. Profile curvature separates hillslopes into concave, planar, or convex types. When profile curvature is combined with the three planform types, it allows for a total of nine distinct hillslope types to be identified (Fig. 1) .
FIG. 1.
Nine different hillslope types that may be identified based on planform and profile curvature (from R. Suzuki, as presented in Tsukamoto and Ohta [1988] and Aryal et al. [2002] ). Reprinted from Tsukamoto and Ohta (1988) with permission from Elsevier; Aryal et al. (2002) reproduced/modified by permission of the American Geophysical Union.
THE LANDSCAPE DEVELOPMENT MODEL
A summary outline of the landscape development model is now described. Herein, the Channel Hillslope Integrated Landscape Development model (CHILD) (Tucker et al. 2001 ) was utilized to create representative digital elevation models (DEMs) for our study. The following is a summary of major model components for sediment transport contained in CHILD version R18.12. A model of this magnitude entails lengthy and detailed source code; for a more full discussion of model details, see Tucker et al. (2001) , and for technical material see Tucker (2010) .
CHILD simulates uplift and erosion/deposition according to the following general equation:
where z is elevation, t is time, and U is uplift rate. The primary sediment transport equations for each of these model components are outlined in the following subsections.
Water-based erosion
The equations for water-based transport are applied to all grid cells across the landscape; particular values of discharge may result in (1) no erosion (if discharge values are very low), (2) erosion due to overland flow, or (3) fluvial transport (for high values of concentrated flow). The change in elevation with time for each cell is determined by the difference between the sediment transport due to water-based erosion entering and exiting each cell.
Input values of water discharge are required for the sediment transport equations. Water-based erosion occurs during storms, and storm intensity, duration, and time between storms may either be modeled as constant values or as exponential distributions centered around a mean (Eagleson 1978, Tucker and Bras 2000) . In our study, constant values are used. Overland flow may be modeled as infiltration excess overland flow (Hortonian) or as saturation excess flow. In the case of infiltration excess overland flow, surface discharge, Q, is
where A is contributing area and runoff, R, is the difference between rainfall intensity and infiltration capacity of the soil. For saturation overland flow, surface discharge is calculated using equations based upon O'Loughlin's (1986) topographic index:
where total discharge, Q total , is area multiplied by the precipitation rate. Q subsurface (subsurface flow) is given by
where S is local slope, b is contour width, and T is soil transmissivity. Channel geometry for rills and channels is also necessary input information for model runs. The approach followed in CHILD follows Leopold and Maddock's (1953) empirical relationships.
CHILD includes the possibility for two water-erosion situations, that of transport-limited erosion (i.e., sediment supply is not a limiting factor) and a second case in which material is solid (i.e., rock) or has notable cohesion or vegetation anchoring. The sediment transport rate (q s ) is modeled as a function of excess shear stress above some critical threshold:
where K f is a sediment transport efficiency parameter, W is width, s is average bed shear stress, s c is critical shear stress for sediment entrainment, and P is an exponent with values typically in the range of 1.5 to 2.5 depending on the type of load being transported. Bed shear stress, s, is given by
where Q is discharge, and W is width. Parameters K t , M, N are described in Table 1 . The rate of lowering due to detachment of material (D c ) can be modeled as
where K B is bedrock erodibility, s is shear stress, s c is the critical shear stress to be overcome for erosion to occur, and P b is the bedrock shear stress parameter. Note that shear stress, s, is calculated similarly to Eq. 9.
Vegetation has been incorporated into the model as a resistance to erosion. The reader is referred to Collins et al. (2004) for details regarding these model extensions.
Soil creep
Soil creep has been modeled using the Roering et al. (1999) adaptation of the Howard (1994b) equation that models creep as a nonlinear process:
where q s represents the diffusive sediment flux, K D is a diffusion coefficient, rz represents the tangent slope of the hillslope, and S c is a critical hillslope gradient.
METHODS
Landscape simulations
The Channel Hillslope Integrated Landscape Development model (CHILD) version RI8.12 (Tucker et al. 2001 ) was used to generate two digital elevation models (DEMs) of landscapes having spatial dimensions of 3 3 2 km with elevation contours of 15 m. Both landscapes had a single outlet point through which water and sediment transported within them exited. Table 2 provides the parameters used in the creation of each of the landscapes. The landscapes were not designed to represent any specific real landscapes, but rather to represent a general prototype for landscapes formed by certain dominant processes. Parameter values for numerical model runs were chosen so that they created landscapes characteristic of different geomorphic processes (e.g., Tucker and Bras 1998) . For each of the landscapes, a DEM and slope (contributing)-area plot were generated. Slope-area plots are simple twodimensional portrayals of the distribution of these two topographic variables and can be used as an approximate means of showing the different geomorphic processes in the landscape (for explanation of slopearea plots see, e.g., Willgoose et al. [1991] , Montgomery and Foufoula-Georgiou [1993] , Tucker and Bras [1998] ).
Calculations of landscape characteristics
After the DEMs were created, they were converted from triangular networks into raster grids, and TAR-DEM (Tarboton 1989 (Tarboton , 1997 ) was used to calculate slope gradients, flow directions, and contributing areas. The flow directions were then used to define channels and hillslopes using the hsB toolkit (Troch et al. 2003, Bogaart and Guardiola 2007) .
Each basin was divided into hillslopes of the nine planform and profile curvature types (cf. Tsukamoto and Ohta 1988) using the hsB toolkit (Troch et al. 2003, Bogaart and Guardiola 2007) . Channels were delineated as cells with a contributing area greater than 50 000 m 2 because this provided reasonable looking drainage basins on both landscapes. This value is lower than typical real world values; however, since it does not differ between the landscapes it does not affect the comparison between them. The spatial distribution of soil moisture for each landscape was then approximated by calculating soil moisture for each cell on the landscape in question using Kirkby's (1975) topographic index.
Transect sampling and tolerance curve construction
The assumption was made that the distance from the channel to the ridgeline indicated a gradient of decreased topographic index (i.e., relative soil moisture), and the abundance of a species as a function of distance along the transect yielded a tolerance curve. Transects were then established on each landscape within each of the nine hillslope categories using the three different methods illustrated in Fig. 2 . The first method, the channel-to-ridgeline transect, cut straight up a hillslope from the middle of the base of the hillslope to the middle of the ridgeline (Fig. 2) . Contributing area, slope, and topographic index were calculated and plotted every 25 m along each channel-to-ridgeline transect. The second method, the steepest ascent transect, traced a path through the grid cells of the landscape from the middle of the base of the hillslope to the ridgeline. The third method, the steepest descent transect, traced a path through the grid cells from the middle of the ridgeline to the base of the hillslope. Contributing area, slope, and topographic index were calculated and plotted for every grid cell along each steepest ascent and steepest descent transect (Fig. 2) .
Next, a ''mesic'' Gaussian plant tolerance curve was created (Fig. 3) . This theoretical plant was designed with a distribution along the topographic index so that it would be present on both landscapes, and sampled by each transect. The mesic plant's abundance was then mapped on each landscape using the topographic index at each location. Tolerance curves were constructed by defining the soil moisture gradient either (1) as the value of the topographic index or (2) by using the distance from the channel to the ridgeline as an approximation of decreasing soil moisture for each of the three transect methods.
RESULTS
The results are divided into four parts. The first part examines how different combinations and magnitudes of tectonic and geomorphic processes produce landscapes with characteristic topographic structures. The second part then analyzes how the resulting topography might affect soil moisture patterns and the resultant plant distribution. The third part investigates whether the traditional one-dimensional transects used in direct gradient analysis produce consistent gradients of topographic indexes of relative soil moisture. The fourth and final piece of the results deals with how an understanding of landscape geomorphic processes and hydrology may provide a starting point for estimating improved moisture gradients for plant ecologists.
Landscapes dominated by different processes
The DEM of the creep-dominated landscape (Fig. 4a) displays the expected characteristic rounded (convex) hilltops. The slope-area plot (Fig. 4b) shows a strong initial increase in slope with contributing area, which indicates slope convexity and the dominance of soil creep (Willgoose et al. 1991, Tucker and Bras 1998) . Real-world examples of such a landscape are the rolling hills found in coastal Marin County, California, USA (Black and Montgomery 1991, Dietrich et al. 1993) .
Of the two landscapes, the creep-dominated landscape has the lowest relief (the difference in elevation between the highest and lowest points of a landscape) as well as the lowest slopes. The average hillslope length calculated using Eq. 2 is about 162 m.
The DEM of the overland-flow-dominated landscape (Fig. 5a ) has sharper peaks than the creep-dominated landscape. A decrease in slope with increasing area is the predominant trend in the slope-area plot (Fig. 5b) , indicating dominance of overland-flow erosion (Montgomery and Dietrich 1988 , 1994 , Willgoose et al. 1991 , Tucker and Bras 1998 . This landscape experienced infiltration excess overland flow rather than the saturation excess overland flow present in the creepdominated landscape. The average hillslope length is 167 m. A similar real-world landscape would be the desert of Walnut Gulch, Arizona (Parsons et al. 1991 , Grayson et al. 1992 , Wainwright et al. 2000 .
Each of the modeled landscapes is dominated by a different geomorphic process as indicated in the distinctive signatures found in their slope-area plots and their topographic structure. Next, we evaluate how these differences in landscape structure are reflected in relative soil moisture distributions using the topographic index.
Soil moisture pattern on landscapes dominated by different geomorphic processes
The frequency distributions of the topographic index (Fig. 6a) for all pixels on both landscapes are right Although the topographic index was calculated using contributing areas based on a dinf flow routing scheme, the d8 (path of steepest descent, and direction most of the flow will follow) flow lines are depicted as thin blue lines instead for the sake of simplicity.
skewed with different means and ranges. The creepdominated landscape is the wetter landscape of the two with greater mean and median topographic index values than the overland-flow-dominated landscape. This result is due to greater median contributing areas and lower mean and median slopes on the creep-dominated landscape than the overland-flow-dominated landscape ( Fig. 6b and c) . However, the creep-dominated landscape has minimum and maximum topographic index values (7.0 to 22.0) that are drier than the overland-flowdominated landscape (7.7 to 22.6; Fig. 6a ).
The differences in topographic index values are shown on the landscape DEMs and illustrate how dry, mesic, and wet species would be distributed on the landscape (see Figs. 4 and 5) . On the creep-dominated landscape (Fig. 4a) , wet areas radiate outward from headwaters or concave valleys, where contributing areas are large, and the driest areas are restricted to ridgelines. The overlandflow-dominated landscape (Fig. 5a) is drier than the creep-dominated landscape, and wet regions tend to occur lower on the hillslopes.
The frequency distribution of hillslopes in the nine groups of Aryal et al. (2002) (Fig. 7) is similar for both landscapes. Convergent-concave and divergent-concave hillslope types are the most common in both landscapes. Convergent-concave hillslopes are the dominant hillslope type at first-order channels, the most common channel order. Divergent-concave hillslopes are the dominant hillslope type at second-order channels.
The abundance distribution for a mesic plant is shown in Fig. 8 for the landscapes. On the creep-dominated landscape, the mesic plant is abundant on and near ridges (Fig. 8a) but abundance rapidly declines downslope. On the overland-flow-dominated landscape, the mesic plant is widely distributed (Fig. 8b) with intermediate abundance on the ridges, high abundance below the ridges, and intermediate to low abundance further downslope. When the plant's abundance is plotted as a function of the topographic index on samples of each type of transect (Fig. 9) , the overlandflow-dominated landscape captures a larger portion of the species range than the creep-dominated landscape.
It has thus been demonstrated that, although all landscapes share the same basic structure, patterns of soil moisture, and consequently plant abundance, differ on topography shaped by different geomorphic processes. Next, nine hillslope types are analyzed to illustrate how the flow of water moves and the effectiveness of simple transects to create consistent species tolerance curves.
Defining the moisture gradient using transects
In this section, we evaluate how well traditional transect methods define moisture gradients in each of the nine hillslope categories by examining changes in the topographic indexes along individual and averaged transects. The moisture gradient is expected to decrease from the channel toward the ridgeline. The nine hillslope categories do not yield any patterns in the topographic index with distance from the channel for either of the landscapes because the shapes of the curves for each transect differ both within and among hillslope types (see Appendix A). To demonstrate typical patterns, a sample of nine hillslope transects (one from each hillslope type) are shown in Figs. 10-12 for the channel-to-ridgeline (Fig. 10) , steepest ascent (Fig. 11) , and steepest descent (Fig. 12) transects. We have chosen to present individual transects rather than means of transects, because the individual transects are more descriptive even though at times there are multiple overlapping lines. Appendix B shows the nine hillslope transects of Figs. 10-12 combined by taking the means and standard deviations. The means shown in Appendix B do not indicate any discernible trend in the data. However, as we will show, this is because individual transects sample points with variable slope and contributing areas, which results in a large amount of variation in not only topographic index values at similar distances, but also variable rates of change of the index from one hillslope transect to the next.
The topographic index is variable along each channelto-ridgeline transect but tends to decrease as distance from the channel increases for both landscapes (Fig. 10) . However, on several transects the topographic index values increase and decrease repeatedly along the length of the transect (i.e., do not consistently decrease). One reason that the transects have variable topographic index values with distance from the channel is because they do not always follow the flow paths of water down slopes (Fig. 2) . For example, a transect may intercept a region where the flow of water is largely parallel or divergent, resulting in a low contributing area, and then further upslope intercept a region where several flow paths converge, resulting in a high contributing area (Appendix C: Fig. C1 ). This could result in a lower topographic index closer to the channel than at a point closer to the ridgeline. Variable slope gradients (Fig. C1) can also contribute to fluctuations in the index by a similar argument.
We next test how the topographic index (soil moisture) changes depending whether the steepest path transect goes from channel to ridge or vice versa. The steepest ascent transects give topographic indexes (Fig.  11 ) that are mid to low values for the first couple hundred meters from the channel and lower values after that point. Similar to the channel-to-ridgeline method, the topographic index of most of the steepest ascent transects increase and decrease over the first couple hundred meters, but then tend to level out around index values of 8-9.
The steepest ascent transects tend to have low topographic index values along most of their distance because the path of steepest ascent is not likely to be the same as the path of steepest descent that water tends to follow ( Fig. 11 ; see flow lines in Fig. 2 ). Flow paths tend to follow directions of steepest descent and, in areas of convergence, will accumulate in regions of low elevation. Taking a path of steepest ascent tends to avoid these regions because, while descent seeks out low elevation values, ascent seeks out high elevations. Therefore the contributing areas at points along a path of steepest ascent tend to be low (Appendix C: Fig. C2 ). Slope gradients are also variable (Fig. C2 ) and contribute to fluctuations in the index.
The steepest descent transects tend to show an increase in the topographic index in a convex pattern as the distance to the channel decreases along transects on both landscapes (Fig. 12) . Some of the transects do show increases and decreases in the topographic index, but these oscillations are not as pronounced as in the other two transect methods.
The steepest descent transects tend to increase in a convex form from the ridgeline to the channel because these transects consider the flow paths of water (Fig. 2) . However, these transects also have some increases and decreases in the topographic index. This is due in part to variable slope gradients and also to divergent flow (Appendix C: Fig. C3 ). The steepest descent transect method produces the best gradient of topographic indices because the method tends to follow flow lines.
Constructing plant tolerance curves using transects
In this section, we evaluate how the different transect methods affect the shape of the resulting ''mesic'' plant tolerance curves. Moisture is assumed to be a decreasing function of distance from channel to ridge. We know from the previous section that this is not necessarily the case, at least with respect to using the topographic index as a measure of soil moisture. As is the case for the transect data, individual tolerance curves are presented rather than only means because, as discussed in the previous section, it does not make sense to produce average tolerance curves for transects with such variable topographic index values at similar distances. However, as this has often been done in direct gradient analysis (Gauch 1982) , we present mean values with standard deviations in Appendix D. Figs. 13-15 show the individual tolerance curves corresponding to the same transects taken on the same nine hillslopes (one representative from each hillslope type) as presented in Figs. 10-12. Appendix E shows the individual tolerance curves categorized by hillslope type. As discussed in the previous section on moisture gradients defined by transects, there are no patterns apparent among the nine hillslope groups transects separated into the nine groups, and consequently no patterns are revealed in the individual tolerance curves among the nine groups.
Mesic plant tolerance curves are variable for each channel-to-ridgeline transect ( Fig. 13a and d) . Normalizing transect distances by total transect distance, one technique used in gradient analysis (Racine 1971) , does little to resolve this variation ( Fig. 13b and e) . When transects are combined by binning data points (according to the square root of sample size) and taking means for each of the 9 hillslope transects within each transect category and landscape, modes and degree of modality of the average tolerance curve also vary ( Fig. 13c and f ) . Binning is necessary due to the differences in normalized distances for each individual tolerance curve that results from differences in total transect length.
Tolerance curves obtained from the steepest ascent transects ( Fig. 14a and d) tend to have values that oscillate around mid-to high abundance for the mesic plant species over several hundred meters for the overland-flow-and creep-dominated landscapes.
Normalization of distance ( Fig. 14b and e) fails to resolve much of the variation in the curves for both landscapes. Tolerance curves obtained by binning for each of the nine hillslope types tends to indicate unimodal curves for the creep-dominated landscape (Fig. 14c) . The curves of the overland-flow-dominated landscape remain at mid-to high values across the entire gradient (Fig. 14f ) .
The tolerance curves obtained using the path of steepest descent method ( Fig. 15a and d) suggest that only part of the species range is sampled (refer back to the Gaussian curve of Fig. 3 ) on transects from each of the nine hillslope types for both the landscapes. Tolerance curves obtained from the creep-dominated landscape appear to sample approximately half of the species range (Fig. 15a) . However, tolerance curves from the drier overland-flow-dominated landscape appear to sample more than half the species range such that the drier end of the species distribution is more fully FIG. 14. Ascent transects for mesic plant tolerance curves (Fig. 3) for one of each of the nine hillslope types where soil moisture is approximated by (a, d) distance from the channel (wet) to the ridgeline (dry), (b, e) normalized distance (distance from channel divided by total transect distance), and by binning distance for the (a-c) creep-dominated and (d-f ) overland-flow-dominated landscape. Symbols are as in Fig. 9 . The solid line in panels (c) and (f ) indicates the mean obtained from binning using all data points (shown as dots) for the nine transects.
represented (Fig. 15d) . Ranges vary from transect to transect, as does the position of the mode, which is located near the ridge (dry end of the gradient) for all tolerance curves ( Fig. 15a and d) . Distance normalization does not resolve much of the variation in transects for the landscapes (Fig. 15b and e) . Binning results in variable modes, modality, and skew for both landscapes ( Fig. 15c and f ; see also Appendix D, E).
DISCUSSION AND CONCLUSIONS
The purpose of this study was twofold. First, to demonstrate the role geomorphic processes have on landscape structure and the subsequent implications for soil moisture and the shaping of plant abundance and distribution; and second, to evaluate the ability of three direct gradient analysis techniques to produce consistent moisture gradients on two different landscapes created by different combinations of geomorphic processes.
This study demonstrated that plant abundance and distribution depend on the template created by geomorphic processes. While Hack and Goodlett (1960) first considered the role of topography in determining soil moisture via contributing areas and related this to vegetation patterns, we have taken this a step further to show how the geomorphic processes at work on landscapes contribute to the plant communities found on them. We have shown how soil moisture distributions differed between two landscapes that were shaped by different geomorphic processes and how subsequently plant distribution and abundance could also differ.
The most notable effect the two different landscapes had on the tolerance curves was through the range of the topographic index represented on each landscape. The overland-flow-dominated landscape lacked the driest values of the mesic species range. The creep-dominated landscape had only the wetter half of the mesic species range. This resulted in nearly complete curves on the overland-flow-dominated landscape (Fig. 9d-f ) , and partial curves for the creep-dominated landscape (Fig.  9a-c) when the topographic index was used to construct the moisture gradient. Thus landscapes shaped by different geomorphic processes exhibited different distribution and abundances for the same plant.
Furthermore, results in this study found that transects from channel to ridgeline do not consider landscape curvature or hillslope length and therefore do not give consistent moisture gradients. These transects often intersect flow paths that have converged and/or diverged with other paths, each of varying lengths, and, as a result, soil moisture along them is likely to fluctuate in a nonlinear way (Figs. 2 and 10) . A path of steepest ascent was also shown to inconsistently define the moisture gradient because it preferentially seeks out high elevations whereas flow paths seek out low elevations (Figs. 2  and 11) .
Transects taken using a path of steepest descent do follow flow paths, and therefore contributing area FIG. 15 . Descent transects for mesic plant tolerance curves (Fig. 3) for one of each of the nine hillslope types where soil moisture is approximated by (a, d) distance from the channel (wet) to the ridgeline (dry), (b, e) normalized distance (distance from channel divided by total transect distance), and (c, f ) binning distance for the (a-c) creep-dominated and (d-f ) overland-flowdominated landscape. Symbols are as in Fig. 9 . The solid line in panels (c) and (f ) indicates the mean obtained from binning using all data points (shown as dots) for the nine transects.
tended to increase toward the channel and gave more consistent moisture gradients than the other two transect methods (Figs. 2 and 12) . As a result, moisture gradients obtained by steepest descent transects were not as variable. However, flow path divergence means that contributing area can decrease as well as increase along one flow path toward the channel and potentially cause decreases in soil moisture. Furthermore, slope gradient is also variable, adding to fluctuations in soil moisture (Figs. 4b, 5b , and Appendix A).
Direct gradient analysis studies sometimes average transects or categories to construct tolerance curves (Whittaker 1967) . For transects, this assumes that soil moisture values are comparable at similar distances upslope. However, variable hillslope lengths and slope gradients make this unlikely. For example, consider transects taken on two hillslopes with parallel flow and equal slope gradients but different lengths. Topographic index values will differ at the same distance from the channel because one hillslope has a greater contributing area to that point than the other. Alternatively two hillslopes with parallel flow and same lengths but different slope gradients will differ in their ability to hold water and therefore will also differ in their topographic indexes. Furthermore, rates of change of the topographic index along transects in the above examples will differ. Convergence, divergence, and variable slope gradients on hillslopes may introduce further variation. As a result, it is very unlikely that conditions would be such that transects from two different hillslopes could be considered to have equal representations of the environmental gradient. Normalizing transects does little to resolve this variation (Figs. 13, 14, and 15) .
As a consequence of different topographic index values and rates of change of the values along transects, plant tolerance curves differed from transect to transect for all three transect methods (Figs. 13, 14, and 15) . However, the steepest descent method did tend to produce tolerance curves most similar to the original curve (Fig. 3) distributed on the landscapes. Thus, when the topographic index fluctuated, the tolerance curves were different. Different index values on different transects but at the same distance from the channel resulted in different modes (Figs. 10-15) . Furthermore, different rates of change of the topographic index influenced skew in the tolerance curves (Figs. 10-15) .
Plant abundance is primarily determined by soil moisture (e.g., Curtis and McIntosh 1951 , Whittaker 1956 , Waring and Major 1964 , Bridge and Johnson 2000 , Zinko et al. 2005 , and many others) and therefore as demonstrated in this study, the location of any plant will be dependent in part on the structure of the landscape as determined by the geomorphic processes. Using transects or categories, as in traditional direct gradient analysis, will result in tolerance curves that have variable modes, ranges, and skew from one transect to the next because the one-dimensional definition of the soil moisture gradient is inconsistent with the processes of water movement. Since soil moisture is determined by processes that act in three dimensions, a similarity index such as the topographic index should result in better agreement of tolerance curves than traditional one-dimensional transects or categories when extended to actual landscapes.
We should seek to understand the processes creating the gradient. The moisture gradient is not simply wet to dry from channel to ridge because water moves downhill. While techniques in direct gradient analysis have advanced from the first approximations to represent a decrease in soil moisture (e.g., ter Braak and Prentice 1988 , De'ath 1999 , Lookingbill and Urban 2005 , landscapes are complex structures and hillslope curvature and lengths dependent on geomorphic processes dictate where water will collect and how much. Slope gradient will dictate the capacity for water to remain at any one point. Defining the gradient by using a topographic index that considers these variations makes sites directly comparable, which is not the case using transect or categorical methods.
The implications for plant ecology are interesting. Often as ecologists we search for patterns to aid in interpretation, hence the attractiveness of dividing landscapes into valley bottoms and ridges (Whittaker 1956 (Whittaker , 1967 , or hillslopes sharing similar profile and contour curvatures (Aryal et al. 2002) . If the search for patterns is extended one step further to processes, we are able to achieve a better understanding and intuition regarding plant distributions. As demonstrated in this study, a process-based understanding allows one to recognize that landscapes dominated by soil creep with saturation excess overland flow (characterized by convex hilltops) may support plants that are more adapted to a wetter environment than landscapes dominated by infiltration excess overland flow (characterized by peaked hilltops in low slope landscapes). Part of the reason the creep-dominated landscape was wetter than the overland-flow-dominated landscape may potentially be the difference between the two types of overland flow. The creep-dominated landscape had shorter hillslopes than the overland-flow-dominated landscape; however, it had a greater median contributing area, which may indicate that saturation overland flow results in increased topographic convergence in comparison to infiltration excess overland flow. The process approach helps to focus these kinds of questions.
The links between topography and vegetation are very direct and there has been an increasing interest in the geomorphological literature concerning the connections between vegetation and geomorphic processes (e.g., Collins et al. 2004 , Istanbulluoglu and Bras 2005 , Martin 2007 , Collins and Bras 2010 . For example, by adding resistance to counteract shear stress acting on the landscape, vegetation may contribute to landscapes of greater relief that are steeper and have lower drainage densities (i.e., longer hillslopes) (Collins et al. 2004 ). By adopting a more interdisciplinary approach and considering the mechanisms of landscape development, an improved understanding can be obtained about the controlling factors of plant communities, and, in turn, how these communities influence the shape of landscapes.
However, there are issues that warrant further consideration and study when using landscape development models to investigate linkages between ecology and geomorphology. For example, the landscapes developed in our study do not incorporate the effects of glaciation, which can have notable effects on topographic structure. Also, the effect of vegetation is similar over the landscape, i.e., differences in types of vegetation and the varying resistances to erosion they contribute have not been incorporated. Despite recent rapid developments in the numerical modeling of landscape change, there remain many unanswered questions because of the great complexity in the development of landscapes over large spatial and temporal scales. Finally, ecological disturbance is not considered in most models of landscape development (but see Istanbulluoglu and Bras 2005, Martin 2007 ). Herein, the assumption is made (as is often made in gradient analysis) that we are interested in the vegetation at some notable amount of time following the last disturbance, such that it is not affected by rapid compositional change (but see Johnson 1981) . Given the multitude of remaining questions about landscape development and its interactions with ecology, this study should be viewed as a modest yet important beginning to contribute to improved understanding.
